Sudden increases in temperature and turbidity in aquatic ecosystems are expected for different regions in the future, as a result of the more frequent extreme climatic events that are predicted. The consequences of these abrupt changes in the outcomes of predator-prey interactions are unknown. Here, we tested the effects of a heat wave and a turbidity pulse on the foraging success of a subtropical cichlid fish (Gymnogeophagus terrapurpura) on amphipods (Hyalella curvispina). We carried out a short-term experiment combining treatments of turbidity (3 and 100 nephelometric turbidity units [NTU]) and water temperature (19.2, 22.2, 25.2 and 27.0 °C), considering potential differences given by fish length. Changes in water temperature did not promote significant changes in prey consumption. Higher turbidity, in contrast, decreased prey consumption. Also, we found that fish with different body lengths consumed a similar amount of prey under clear waters, but, in turbid waters, bigger individuals were more efficient than the smaller individuals. This finding is an empirical demonstration that the effect of increased turbidity on predation rate depends upon predator body size, and it suggests that bigger body sizes may help overcome turbidity-associated limitations in finding and capturing prey. Our short-term results suggest that, if turbidity pulses and heat waves become more frequent in the future, the outcome of fish-invertebrate interaction can be affected by local characteristics such as fish population size distribution.
Introduction
Climate change scenarios and models make varied predictions for different locations around the world. Increases in the average temperature and also in the frequency of extreme temperatures and rainfall events are expected in many regions [1, 2] , and particularly in the tropical and subtropical regions [3, 4] . Such environmental changes may affect several processes at different spatial, temporal and biological scales [5] , including the predator-prey encounter and predation rates [6] . This is because increases in temperature can increase energetic demands, especially of ectothermic organisms such as fishes and most aquatic invertebrates [7, 8] . As a result of increased water temperature, fish can increase the area searched in pursuit of prey and enhance their foraging success [9] [10] [11] . Although diel and seasonal changes in temperature can trigger physiologically-regulated acclimation mechanisms [12, 13] , extreme temperatures (e.g., summer heat waves) can critically jeopardise the overall performance of an organism [14, 15] , not least in interaction with other potential stressors. For example, it has been shown that while small changes in water temperature have little or no impact on the predator ability to encounter their prey [11, 16] , heat waves can promote massive prey consumption, destabilising the consumer-resource interactions across trophic levels [17] . For prey, such as aquatic invertebrates, increases in water temperature may change their survival rate depending on the balance between the temperature-dependent escape speed of the prey and the temperature-dependent attack speed of the predator [16] .
Extreme rainfall events usually increase surface runoff from the catchment to water bodies, promoting terrestrial soil washout and increased turbidity in surface freshwater ecosystems [18] . Many floodplains, lakes and rivers, particularly in tropical and subtropical regions, experience sudden increases in inorganic turbidity following a pulse event in a tributary [19, 20] , which may have substantial effects on different aspects of predator-prey interactions [21] . As turbidity reduces the visual field of visually-oriented organisms [22] , changes in turbidity may affect encounter, attack and predation rates [23, 24] . A reduction in underwater visibility may, however, make predators increase their swimming activity to compensate for a lower probability of finding prey [25, 26] . For prey, increases in water turbidity may impact their survival rate depending on the degree of dependence from visual cues of predators and prey to detect each other [27, 28] . Given that heat waves and rainfallinduced turbidity pulses are predicted to become longer, more intense and more frequent [1] [2] [3] [4] 18, 29] , understanding the response of aquatic predators (e.g. fish) and prey (e.g. macroinvertebrates) to extreme temperatures and to altered sensory conditions such as with an increase in turbidity will provide valuable information about the potential consequences of such environmental changes for aquatic organisms and potentially for ecosystem functioning.
Individual responses of predator and prey performances to environmental changes may also vary with their respective thermal performances, age, condition, and other individual traits such as body size [30, 31] . For predators, capture success is strongly dependent on their relative body size [32] [33] [34] [35] . Therefore, short-term increases in water temperature could disproportionally enhance the activity of bigger predators. Similarly, if some visually oriented predators increase their swimming activity in turbid waters [25, 36] , bigger predators may be expected to increase it further. Therefore, the outcome of a particular predator-prey interaction will depend on the environmental dependence of both predator and prey performances modulated by individual traits.
Here, we experimentally tested the interactive effects of short-term increases in water temperature and turbidity, mimicking heat waves and turbidity pulses, on the foraging success of a subtropical cichlid fish, accounting for variations in fish length. We hypothesised that the effects of water temperature and turbidity on predation are not independent, but are modulated by predator body size. We expected that the highest foraging success would occur in clear and warmer waters, and would be particularly high in the case of the larger individuals.
Materials and Methods

Studied Species and Animal Collection
We used Gymnogeophagus terrapurpura Loureiro, Zarucki, Malabarba and González-Bergonzoni 2016, (Perciformes: Cichlidae) as the predator and Hyalella curvispina Shoemaker 1942 (Crustacea: Amphipoda) as the prey. We choose G. terrapurpura because it is one of the most abundant fish in Uruguayan aquatic systems [37, 38] . It has a wide distribution throughout the lower Uruguay River basin (in south-eastern South America, subtropical climate), where it has been recorded in different habitats including shallow lakes, floodplain lakes, rivers, and streams [39] . The standard length of G. terrapurpura ranges between 10 and 92 mm [37, 39] , and it reaches maturity (adulthood) at the age of 1 to 2 years, measuring around 55 mm [40] . This small cichlid is also representative of the most common fishes in the Neotropical region, where fish assemblages are primarily composed of smallsized species, which use vision as their primary source of environmental information [37, 41, 42] . Also, G. terrapurpura is an omnivore-invertivore, feeding on zooplankton, macroinvertebrates and periphyton [38, 43] . Feeding activity is sharply reduced during the autumn and winter when water temperature decreases [43, 44] .
Specimens of G. terrapurpura were caught in summer in Diario lake (a shallow coastal lake, in the southeast of Uruguay, 34°90ʹ41ʹ ʹS, 55°00ʹ82ʹʹ W, water temperature ≈ 19 °C) using non-lethal electrofishing gear (n = 70, standard length = 69.1 ± 6.6 mm and fresh weight = 13.7 ± 4.2 g; mean ± standard deviation). We searched for fish that were adults, thus avoiding those shorter than 55 mm long, and checked for vivid and dark colours in the ventral part of the head, typical of adult individuals [39] . We used only adult individuals to disentangle the potential effects of variations in predator body size from the effects of ontogenetic variation in feeding performances [45] . After sampling, individuals were transported to the nearby university facilities (Maldonado, Uruguay), where they were individually added to the experimental units (aquaria) and kept until the end of the experiments.
Hyalella curvispina were collected from littoral aquatic plant roots in a sub-urban stream (34°88ʹ67ʹʹ S, 54°95ʹ24ʹʹ W, Aparicio stream) in Maldonado, Uruguay, near the laboratory facilities (n = 1680, body length = 4.1 ± 0.7 mm). Sampled amphipods were kept in 600 ml bottles (20 individuals per bottle) containing stream water until the experiment (housing lasted no longer than two days). We chose this amphipod species because it has a wide distribution across freshwater habitats of South America [10] , where it often reaches very high densities, and it plays a key role in subtropical aquatic food webs by feeding on phytobenthos and processing organic matter [46] . Also, amphipods are one of the most important food items of Gymnogeophagus spp. [38, 43, 47] .
General Experimental Design
In a total of four temperature and light controlled rooms, we performed two connected experiments: The first to assess potential differences in prey behaviour associated with predator presence and temperature increase (hereafter, 'prey behaviour experiment'); and the second to understand the short-term effects of increases in temperature and turbidity levels on the foraging success of G. terrapurpura (hereafter, 'foraging success experiment').
The fish were added (one per aquarium) to rectangular aquaria (width = 25 cm; length = 30 cm; height = 50 cm; water volume = 20 L; all sides covered with a dark cloth to avoid mutual visual influence) and kept for over a week to acclimate to the experimental conditions (light regime 12:12 hours and increasing temperature as appropriate for each treatment).
In the 'prey behaviour experiment', we combined two experimental water temperatures (19.2 and 27.0 °C) with the presence and absence of one G. terrapurpura. In the 'foraging success experiment', we crossed four water temperature treatments (19.2, 22.2, 25.2 and 27.0 °C) and two turbidity levels (clear water, 3 nephelometric turbidity units [NTU]) and turbid water, 100 NTU). The experimental temperatures were chosen based on the average temperature in Uruguayan shallow aquatic systems, which may vary between 19 °C and 25 °C in early summer [48, 49] , plus a 2 °C increase in the average temperature, as predicted for the Rio de la Plata basin in the next 50 years [3] . The chosen turbidity levels have been reported for many aquatic systems in the Rio de la Plata basin; the highest level is observed after strong precipitation events [50] . Such events are also predicted to become more frequent in this region in the next 50 years [3] .
In both experiments, all treatments were assigned at random to the aquaria (i.e. the experimental unit), and all treatments had seven replicates. Each aquarium was filled with 20 L of dechlorinated water (initial water temperature ≈ 19 °C, initial turbidity ≈ 3 NTU, pH = 8.64, conductivity = 1222 µS cm −1 ). The mean body length of G. terrapurpura did not differ significantly neither among the temperature (one-way ANOVA F3, 48 = 0.79; P = 0.51) nor the turbidity treatments (one-way ANOVA F1, 48 = 0.17; P = 0.68). Fish were acclimated to warmer waters through a gradual increase of water temperatures (an increase of 1 °C per day until it reached the target temperature) to reduce fish stress. Amphipods were exposed to room temperature 1 hour before the beginning of the experiments. All experimental water temperature levels were reached 24h before the beginning of the experiment. The fish were fed with commercial dry fish food during the first four days, and three days before the experiment, fish were starved to stimulate the consumption of amphipods. The experimental units were aerated, but the aeration systems were removed before the beginning of the experiment to facilitate the location of both predator and prey.
Twenty amphipods were then introduced to each aquarium. The experiments (and the cooccurrence between fish and amphipods) lasted for 1 hour. This experimental time was chosen to keep the turbidity level as homogenous as possible (i.e., varying no more than 10%) from the beginning to the end of the experiment.
Experiment #1: Assessment of Prey Behaviour in Experimental Clear Water Conditions
In the 'prey behaviour' experiment, all four treatments were run with clear water conditions: (i) absence of predator at 19.2 °C; (ii) absence of predator at 27 °C; (iii) presence of predator at 19.2 °C and (iv) presence of predator at 27 °C (total n = 28). Aquaria were filled with 30 L of dechlorinated water. Fish were acclimated to experimental conditions, following the protocol described above. After adding the amphipods to the aquaria, some of them left the aquarium water and remained on the walls. Then, after 1 hour of the experiment, we counted the number of amphipods that climbed up the aquaria walls in each experimental unit to assess whether such behaviour was associated to the predator presence (being a predator avoidance behaviour) or to warmer waters (being a temperature-mediated stress avoidance behaviour).
Experiment #2: Effects of Heat Waves and Turbidity Pulses on Fish Foraging Success
In the 'foraging success' experiment, the potential short-term effects of increases in temperature and in water turbidity on foraging success of G. terrapurpura were assessed crossing four water temperature treatments (19.2, 22.2, 25.2 and 27.0 °C) with two turbidity levels (3 NTU and 100 NTU), in a fully crossed factorial design (total n = 56). Turbidity was generated by the addition of previously collected and sun-dried clay to dechlorinated water. However, fish were not acclimated to water turbidity since we wanted to test the response to a sudden increase in inorganic turbidity mimicking a pulse event in a tributary. One hour before the beginning of the experiment, each experimental unit (already containing one fish and 20 L of clear water) received either 10 L from a 1000 NTU turbid water solution or 10 L from clear water, in order to achieve the desired turbidity (i.e., 100 NTU or 3 NTU) and standardise the disturbance, respectively. The turbidity levels were measured using a multi-parameter water quality checker (U-50, Horiba, Kyoto, Japan).
After 1 hour, fish were removed and killed with an overdose of the anaesthetic eugenol (4 mL L −1 of a solution of 1:10 eugenol: 95% ethanol), weighed and measured, according to the guidelines of the Honorary Commission for Animal Research in Uruguay (CHEA, protocol #658 CEUA-Maldonado). The water from each aquarium was filtered through a plankton net (65 µm mesh size), to count the number of surviving prey. Counting the number of amphipods that climbed up the aquaria walls at the end of experimental time (U), allowed us to calculate the number of amphipods that remained inside the water (i.e., the number of prey available for predation; N = 20 − U) in each treatment.
We calculated the foraging success of G. terrapurpura (% FS), disregarding the amphipods that were unavailable to predation (U), as follows:
where P is the number of amphipods eaten, and N the number of available amphipods (N = 20 − U). We thereafter used 'foraging success' as the response variable in the statistical analyses.
Data Analysis
Experiment #1: Assessment of Prey Behaviour in Experimental Clear Water Conditions
We applied a two-way ANOVA test, testing the main and interactive effects of water temperature (19.2 and 27.0 °C) and predation risk (absence and presence of G. terrapurpura) on the number of amphipods that left the aquaria water after one hour (response variable). Data transformation was not required, because the assumptions of normal distribution and homogeneity of variances were met. In case of significant differences, we applied the Tukey test for pairwise posthoc comparisons.
Experiment #2: Effects of Heat Waves and Turbidity Pulses on Fish Foraging Success
To detect significant differences in the number of amphipods available for predation (N) among treatments, we applied a two-way ANOVA test with permutations, using the lmPerm package [51] . The permutational approach was applied because this response variable was not normally distributed even when transformed [51] .
With a general linear model (GLM), we tested the effects of water temperature (four levels: 19.2, 22.2, 25.2 and 27.0 °C) and turbidity (two levels: clear and turbid) on the foraging success of G. terrapurpura, adjusting for the potential effect of fish length (standard length, cm, used as a continuous predictor variable). The assumptions of normality and homoscedasticity were met, and data transformation was not required. We tested for the significance of the slopes derived from the relationship between the response variables (i.e. foraging success) and the continuous predictor variable (i.e. fish length) for each main factor (i.e. water temperature and turbidity) level, through a t-test of the angular coefficient [52, 53] . Our hypothesis that the interactive effects of water temperature and turbidity on predation varied with predator body size would not be rejected if the interaction of the variables 'water temperature' and 'turbidity' and the co-variable 'fish length' was significant. The analyses were carried out using the softwares R and Statistica with the level of significance set at P < 0.05.
Results
Experiment #1: Assessment of Experimental Prey Behaviour in Clear Water Conditions
In the treatments with fish, many amphipods left the aquarium water and remained on the walls (see column Amphipods out of water in Table 1 ), a response that did not significantly occur in the treatments without fish (Table 1) . Also, without predators, a similarly low number of amphipods left the aquarium water in the cold (19.2 °C) and warm waters (27 °C) (post-hoc comparisons, Table 1 ), but the response of amphipods to the presence of predators was slightly more pronounced in the warm than in cold waters (significant interaction term, Table 1 ). Therefore, this amphipod response, although enhanced by higher temperatures, may be considered a behaviour to avoid the cooccurrence with the predator (i.e. a predator avoidance behaviour) in our experimental setup. Table 1 . Analysis of variance (two-way ANOVA) testing the effects of predator presence, water temperature and their interaction on the number of amphipods leaving the aquarium water (interpreted as experimental predator avoidance). The median and the average number of amphipods out of the water, the standard deviation and the results of the Tukey post-hoc test are shown. Different letters in the 'Post-hoc comparison' column indicate statistically significant differences among the treatments. 
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Experiment #2: Effects of Heat Waves and Turbidity Pulses on Fish Foraging Success
The number of H. curvispina that left the aquaria as a response to predator presence was alike at all temperatures: 19.2 °C (median, mean ± SD: 4, 4.2 ± 2.4), 22.2 °C (3, 3.5 ± 2.4), 25.2 °C (3, 3.8 ± 3.3) and 27.0 °C (6, 6.5 ± 3.4) (F3, 48 = 2.55; P = 0.07). In the same way, the number of H. curvispina out of the water did not significantly differ between clear (3, 3.4 ± 2.7) and turbid waters (5, 4.8 ± 3.0) (ANOVA F1, 48 = 0.80; P = 0.38). Also, we found no significant interaction between water temperature and turbidity on the experimental anti-predator response of H. curvispina (F3, 48 = 0.26; P = 0.86). Therefore, the number of prey available for predation was similar in all treatments.
The model including 'water temperature', 'turbidity' and 'fish length' and their interactions explained 77% (adjusted R 2 value; F15,40 = 13.506; P<0.001) of the variation found in the foraging success of G. terrapurpura ( Table 2 ). Foraging success was significantly higher in the clear than in the turbid waters (93 ± 6% vs 73 ± 7%, respectively; Figure 1 ). However, the negative effect of turbidity on the foraging success of G. terrapurpura was influenced by fish length (Table 2; Figure 2 ). Bigger fish had greater foraging success than the smaller individuals, but only in turbid waters, while no significant relationship between fish length and foraging success occurred in clear waters (Table 2; Figure 1 ). In contrast, we found no significant effect of water temperature on the foraging success of G. terrapurpura. The foraging success of G. terrapurpura was similar at 19.2 °C (86 ± 9%), 22.2 °C (83 ± 13%), 25.2 °C (82 ± 13%) and 27 °C (81 ± 13%). No significant interaction with fish length occurred (Table 2; Figure 1 ). Figure 1 . The main effects of temperature and turbidity on the foraging success of Gymnogeophagus terrapurpura on Hyalella curvispina, at different water temperatures (a), in clear (3 NTU) and turbid water (100 NTU) (b). Data show mean and standard errors, after pooling the data from the levels of the factor not shown. Foraging success was significantly higher in clear than in turbid waters (b), while no significant effect of water temperature on the foraging success of G. terrapurpura was detected (a). Table 2 . Effects of turbidity and water temperature on the foraging success of predator Gymnogeophagus terrapurpura on amphipod Hyalella curvispina, with fish length (standard length, cm) as a continuous predictor variable (GLM results, above section). The significance of the t-test of the angular coefficient (slopes derived from the relationship between foraging success and the fish length for each level of both main factors) are also presented in the section below. Statistically significant results are shown in bold. 
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Discussion
In our short-term experimental simulation of two environmental scenarios predicted as direct and indirect results of climate change, we found no clear effects of heat waves nor of the interaction between heat waves and turbidity pulses on the prey consumption by a subtropical cichlid fish. However, the sudden increase in turbidity had negative consequences on the foraging success of this fish species, but with different magnitudes depending on their body length. A decreased predatory efficiency of fish when visual detection is diminished or prevented was expected, since a similar pattern has been found for several fish species [24, 27] , including other Cichlid [54] and tropical species [21, 55] . However, we found that fish with different body lengths consumed a similar amount of prey under clear waters, but in turbid waters, the bigger fish were more efficient than the smaller individuals. Several studies have suggested that the ability of some animal species (e.g., freshwater fish species, such as the guppy Poecilia reticulata Peter, 1859), which adjust their behaviour to cope with variations in their environment (e.g., reduced underwater visibility) [56, 57] , may be more pronounced in adults than in young individuals [58, 59] . Due to our choice of experimental individuals, we were able to disentangle the effects of adult predator body size from the effects of ontogenetic variation in feeding performances. Our findings suggest that bigger body sizes may help overcome turbidity-associated limitations in finding and capturing prey. The present study is the first, to our knowledge, to report that the effect of turbidity on predation rate depends upon the predator body size of adult individuals.
After an increase in turbidity, visual predatory individuals need to switch to an alternative sensory modality to locate their prey to compensate for the reduction of visual information [57] . Then, individual differences in the capacity to switch between alternative sensory modalities can emerge and determine foraging success [21] . With our experimental design, we cannot identify the underlying mechanism, such as whether slightly bigger fish have better foraging performances because they might perceive the non-visual stimuli from prey more efficiently than the smaller fish individuals [32, 45, 60, 61] . However, regardless of the mechanism behind the higher foraging success of bigger fishes, it only occurred in turbid waters. We suggest that individual differences in feeding performances mediated by predator traits, such as body size, have less impact on fish foraging success in clear waters because predators have no visual impairments to find their prey [21, 25] ( Figure 3 ). Figure 3 . Conceptual figure highlighting that the prey consumption of Gymnogeophagus terrapurpura with different sizes was similar in clear water (white region), but that in turbid water (grey region) bigger fish had better foraging success than smaller ones. Therefore, we demonstrated that the effects of increased turbidity on foraging success depend upon the predator body size.
In contrast to our expectations, the experimental heat wave did not affect the foraging success of G. terrapurpura. Predators are usually expected to increase their mobility under higher temperatures [49, 62] , which could result in more frequent predator-prey encounters [63, 64] and potentially higher predation rates [11] . The lack of a significant response may reflect the adaptation of the studied subtropical fish species to the often wide diel and seasonal variations in temperature [12, 13] , characteristic of shallow water bodies in mid-latitudes, and may also suggest high plasticity of feeding performances in temperature-fluctuating environments. Expectedly, heat waves of longer duration and/or sustained increases in average water temperature would promote stronger effects on different components of fish performance and life-history traits. Alternatively, a possible better escaping performance of the prey in warmer waters could compensate for a potential warminginduced increase in foraging success by fish [16] . Supporting the latter hypothesis, more amphipods avoided the co-occurrence with the predator in the treatment with the warmest waters (found in our prey behaviour experiment). These findings may indicate that heat waves could increase both the prey escaping capacity and predator foraging success, potentially making the overall predation rates unchanged under heat waves. Such a response is likely to vary with different predator-prey pairs, and mismatches are likely to occur.
Changes in fish activity with seasonal changes in temperature and turbidity have been described in subtropical shallow lakes [49] , highlighting the potential role of lake turbidity as a refuge for small fishes. Short-term effects of warming and of inorganic turbidity, as generated in our study, have received much less attention in the literature. Clearly, short-term microcosm experiments designed to test the potential effects of different aspects of climate change have clear limitations to extrapolate their results to natural, more complex, systems [65] . In our case, such limitations include the small size of the experimental units, the lack of physical heterogeneity (such as the inclusion of refugia other than turbidity) and the lack of biotic interactions other than those under test (such as competition), among others. Such shortcomings could be addressed in future experiments where spatial and temporal scales could be extended with longer-duration experiments, as well as an increase in the body size range of the predatory fish. Under a scenario of increasing frequency of turbidity events, fishes (at the community or population levels) that primarily use non-visual cues, such as olfactory or electrical ones, to detect prey may be favoured by natural selection [66] . Future experiments investigating the effects of extreme meteorological events on predator-prey dynamics should include the competition between visual and non-visual predators and analyse the potential long-term ecological consequences of increases in turbidity level and in the frequency and intensity of heat waves. This issue could also be addressed in long-term field surveys in areas prone to experience increases in turbidity, such as floodplain lakes, as to detect potential changes in species composition and changes in the relative importance of different functional traits within a fish community.
Despite these limitations, our findings suggest that bigger fish individuals may be better prepared to withstand the negative effects of short-term fluctuations in turbidity; and that subtropical ectotherms may have a wide temperature cushion buffering their responses to short-term increases in temperature (at least under the maximum temperatures tested here). Our short-term experiment allowed us to hypothesise that in a future more prone to extreme meteorological events, individual differences (e.g., body sizes) within fish populations could provide a different likelihood of survival and adaptive success, potentially leading to changes at the population and community levels. Also, our findings highlight the importance of experiments that specifically address the potential impacts of extreme meteorological events on different organisms and processes in aquatic ecosystems, since the most often studied effects of changes in mean conditions are not directly translatable.
